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The two flavour AdS/QCD, with chiral and gluon condensates, sets in the description of the
pion family and its mass spectra. Using gravity-dilaton-gluon backgrounds, entropic Regge-like
trajectories for the pion family are then derived. They relate the pi mesons underlying configura-
tional entropy to both the pions excitation wave mode number and the pions experimental mass
spectra, yielding a reliable prediction for the mass spectra of higher excitation pion modes, to be
experimentally detected.
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I. INTRODUCTION
The configurational entropy (CE) apparatus consists in
measuring the shape complexity of any localized system
[1, 2]. The information encodement in random processes
is represented by the CE, that thus implements the com-
pression of information in the wave mode configurations
endowing any system in Nature [1, 2]. The CE setup has
been shown to be an advantageous instrument to probe
vast aspects of QCD, in the holographic AdS/QCD corre-
spondence, both from theoretical and phenomenological
aspects. Elementary particles and their excitations, and
some of their features, in QCD, were shown to corre-
spond to critical points of the CE [3–9]. Among other
fields, mainly mesonic states and glueballs play a promi-
nent role in the informational aspects of AdS/QCD. The
phenomenological dominance and abundance of certain
excitation levels of mesonic states – in particular light-
favour mesons and quarkonia – and glueballs is an imme-
diate implication of encoding and compressing informa-
tion into the Fourier wave modes that underlie and con-
stitute such states. Quantum states whose CE is bigger
were shown to be less observable in experiments. Phe-
nomenological aspects of the CE in AdS/QCD was stud-
ied in Refs. [3, 8] for light-flavour mesons, in Refs. [6, 9]
for bottomonium and charmonium, both in the QFT and
in the finite temperature setups, and in Ref. [4] for scalar
glueballs. Other aspects of the CE in QCD were paved in
Refs. [10–14] and in the standard model as well, in Refs.
[15, 16]. Informational entropic Regge-like trajectories
of the a1, f0 and ρ light-flavour mesons were also intro-
duced in Ref. [17], in the context of the CE. In addition,
the CE is a sharp tool that can also probe phase transi-
tions, identified to CE critical points, in diverse systems
in Physics [18–29]. A more precise review of information
theory, in both its classical and quantum aspects, can be
checked in Ref. [30].
In the last years, the AdS/QCD models has been used
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to study many non-perturbative aspects of QCD, such as
confinement [31–34], hadronic mass spectra [35, 36] and
chiral symmetry breaking [37, 38]. The AdS/QCD setup,
inspired by the gauge/gravity duality [39], considers a
similar type of duality, where the conformal invariance is
broken after introducing an energy parameter in the AdS
bulk. The simplest one AdS/QCD model is the hard wall
one [40–42] and consists in placing a hard geometrical
cut-off into the AdS space. Another AdS/QCD model is
represented by the soft wall technique [31], reproducing
a very important feature, the so-called linear Regge be-
haviour. In this case, the background involves the AdS
space and a scalar field, the dilaton, that effectively acts
as a smooth infrared cut-off.
Among the mesons that can be investigated in the
AdS/QCD models, the pseudoscalar pi meson, the pion,
occupies a prominent position. There are many stud-
ies of the properties in holographic approaches [35, 43–
49]. In particular, the approach of Ref. [35] constructs
a dynamical hQCD model for the two flavor theory, in
the graviton-dilaton background, that incorporates the
Regge behaviour of the hadron spectra, the linear quark
potential and the chiral symmetry breaking. It was found
in this model that the lowest pion state has a mass
around 140 MeV, which can be regarded as the Nambu-
Goldstone bosons due to the chiral symmetry breaking.
The mass spectra of the pion agrees well with the exper-
imental data [50].
Endowed with the tools of the CE and two flavour
AdS/QCD, with chiral and gluon condensates back-
grounds coupled to gravity, the configurational entropic
Regge-like trajectories for the pion family shall be derived
and scrutinized. There are two types of Regge-like trajec-
tories to be studied. The first one relates the pion family
CE to the pions excitation wave mode number, whereas
the second one associates the pion family CE to the pi-
ons experimental mass spectra. Analyzing both types of
Regge-like trajectories can, then, derive a reliable pre-
diction for the mass spectra of higher excitation modes
of pi mesonic states. This paper is organized as follows:
Sect. II introduces the two flavour AdS/QCD soft wall
model and the pion family EOM and main features, in
this context. The mass spectra of the pion family is then
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2depicted, showing the standard Regge trajectory. Sect.
III is devoted to study the gluon and chiral condensates
backgrounds couples with gravity, for two dilatonic mod-
els. The CE is then calculated for the pi meson family,
first with respect to the n excitation mode number for
the pin modes in the pion family. Besides, the CE is also
computed as a function of the pion family mass spec-
tra, generating then a second type of non-linear Regge-
trajectory. Therefore the two types of configurational
entropic Regge trajectories are interpolated, relating the
CE to both n and the pion mass spectra. Hence, the mass
spectra of higher excitation pin modes is inferred. It pro-
vides a reliable phenomenological prediction of the mass
spectra of the next generation of higher excitations in the
pion family. Sect. IV closes the paper with discussions,
conclusions and some perspectives.
II. TWO FLAVOUR ADS/QCD AND THE PION
FAMILY
Meson families were comprehensively described in
AdS/QCD, both in the hard and soft wall models
[31, 38, 46, 51–54]. Dynamical holographic models were
also approached in Refs. [8, 55–58]. The so-called Regge
trajectories, relating the excitation number of a light-
flavour mesonic state and its mass, were originally de-
rived in Ref. [31]. Aiming to focus our approach into the
pion family in the AdS/QCD, the bulk AdS5 metric is an
important ingredient, reading
ds2 = gMNdx
MdxN = e2A(z)
(
ηµνdx
µdxν + dz2
)
, (1)
where the warp factor eA(z) = −z/`, and the ηµν repre-
sents the boundary metric, being ` the AdS5 curvature
radius. Mesonic excitations can be described by X(z)
fields in the AdS5 bulk. These fields represent the dual
description of the qq¯ operator, with mass mX, that is
ruled by the following action [31]
S = −
∫
e−φ(z)
√−g TrL d4x dz, (2)
where
L ∼ DMXDMX+m2XXMXM + F2L + F2R, (3)
being the AmL and AmR gauge fields that drive the
SU(2)R× SU(2)L chiral flavour symmetry of QCD. The
Yang–Mills field strengths are given by
FMNR,L = ∂[MA
N ]
R,L − i[AMR,L, ANR,L], (4)
where AMR,L = A
Mc
R,Lfc, being {fc} (c = 1, 2, 3) SU(2) gen-
erators. The covariant derivative is explicitly given by
DMX = ∂MX − iAML X + iX,AMR . The X(z) field is con-
structed upon the a pseudoscalar field, P, and a scalar
field, S, as [35]
X(z) = exp (iPctc) (ξ(z) + S) , (5)
where ξ(z) is a vacuum expectation value that breaks
chiral symmetry [35]. To describe the vector and axial
vector meson, the left, AL, and right, AR, gauge fields
can be split into vector, V, and axial vector, A, fields, as
[35]
AM =
1
2
(AMR − AML ), (6a)
VM =
1
2
(AMR + AML ) (6b)
yielding the respective gauge field strengths,
FMNV = ∂
[MV N ] + i[V N , VM ], (7)
FMNA = ∂
[MAN ] + i
[
AN ,AM
]
. (8)
With respect to the vector V and axial vector A fields,
the soft wall Lagrangian (3) reads
L ∼ DMXDMX+m2XXMXM + 2
(
F 2A + F
2
V
)
, (9)
for DMX = ∂MX+ i [X, VM ]− i {AM ,X}. The EOM for
the ξ(z) field then reads[
d2
dz2
−(φ′(z)− 3A′(z)) d
dz
−m2X(z)e2A(z)
]
ξ(z)=0. (10)
The analytical expression, as well as the plots of the
ξ(z) field can be found in Refs. [17, 35]. Let one de-
notes by pin the functions that describe the pions, and
by ϕn those ones that represent the φ mesons. It is
worth to emphasize that, as in Ref. [17], the pin(z)
modes are regarded as the quantum mechanical wave
functions, ψn(z), by pin(z) = z
1/2 exp(z2/2)ψn(z). Stan-
dardly the n = 1 index often alludes to the ground
state. Therefore, the functional form for ψn(z) reads
ψn(z) ∼ e−z2/2 zm+1/2Lmn−1(z2), that shall be used in the
forthcoming calculations, to correspond the n = 1 level
for the standard ground state, taking the same indexing
as the Hydrogen radial quantum number problem. The
EOMs driving the pion and φ meson families read(
− d
2
dz2
+Vpi(z)
)
pin(z)=m
2
n(pin(z)−eAξϕn(z)), (11)(
− d
2
dz2
+ Vϕ(z)
)
ϕn(z)= e
Aξ(pin(z)− eAξϕn(z)), (12)
where the Schro¨dinger-like potentials are respectively
given by
Vpi(z) =
A′′
2
− φ
′′
2
+
ξ′′
ξ
− (log ξ)′2
+
1
4
(φ′ − 3A′ − 2(log ξ)′)2. (13)
Vϕ(z) = −φ
′′ −A′′
2
+
(φ′ −A′)2
4
. (14)
Endowed with the scalar potential (13), the mass spec-
tra of the pion family can be read off Eq. (11). As the
3only element in the φn meson family that was experi-
mentally observed is the φ(1020), whereas the φ(1680) is
not yet included in the PDG summary table, the analysis
concerning the pion family shall be emphasized in what
follows. In fact, experimental data regarding the φn fam-
ily is very scarce. The experimental mass spectra of the
pion family is depicted in Fig. 1.
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m2GeV2 Experimental π mesons mass spectra
FIG. 1: Pion mass spectra as a function of the n excita-
tion number: experimental values (black points) and the
AdS/QCD model predictions for the background modifica-
tion given by Eqs. (15) (blue points) and (16) (orange points).
The pi0, pi±, pi(1300), pi(1800) pseudoscalar mesons, constitute
already confirmed mesons in PDG. The last two pi(2070) and
pi(2360) states are omitted from the summary table in PDG
[50].
The pi0, pi±, pi(1300), pi(1800) pseudoscalar mesons
have been already experimentally confirmed meson parti-
cles in PDG. On the other hand, the pi(2070) and pi(2360)
excitations are omitted from the summary table in PDG
[50]. The Regge trajectory for the pion meson family can
be extrapolated in Fig. 1.
III. CONFIGURATIONAL ENTROPIC REGGE
TRAJECTORIES IN TWO FLAVOUR ADS/QCD
The AdS/QCD setup can be then employed to derive
configurational entropic Regge trajectories for the pion
family. Based upon a two flavour soft wall model, with
gluon and chiral condensates, coupled to gravity with a
dilaton [33], informational Regge trajectories were stud-
ied to the a1, f0 and ρ meson families in such a setup [17].
The following dilatons were introduced in Refs. [17, 35]
to model mesons and glueballs,
φ1(z) = µ
2
Gz
2, (15)
φ2(z) = µ
2
Gz
2 tanh
(
µ4G2z
2/µ2G
)
. (16)
and shall be employed, respectively as the prototypical
dilaton in the soft wall AdS/QCD [31], Eq. (15), and its
deformation, Eq. (16). The deformed dilaton in the UV
limit yields the quadratic dilaton. The holographic gluon
condensate is dual to the quadratic dilaton (15) and has
µG energy scale when it corresponds to a dimension-2
system, whereas it has µ2G energy scale when describing
a dimension-4 dual system [38, 52]. A graviton-gluon-
dilaton action in AdS can be given by [35],
S=κ25
∫ √−ge−2φ{ [R+ 4∂Mφ∂Mφ− 4Vg(φ)
−16λe−φ(∂Mξ∂Mξ+V (φ, ξ))]} d5x, (17)
where λ denotes a general coupling, and Vg denotes the
gluon system potential. Ref. [35] studied a heavy quark
potential in the background given by Eq. (17), deriv-
ing the physical effective potential V (φ, ξ) ≈ ξ2φ2. For
both the φ1(z) and φ2(z), respectively in Eqs. (15) and
(16), the parameters µG2 = µG u 0.431 were adopted
in Refs. [17, 35], in full compliance to data from experi-
ments in PDG. Numerical analysis of the EOMs derived
from (17), in Ref. [35], yields the solutions for ξ(z), for
both the dilatonic backgrounds. The first column in Ta-
ble I replicates the mass spectra in the PDG 2018 for
pi1 = {pi±, pi0}, pi2 = pi(1300), pi3 = pi(1800), as well as
for pi4 = pi(2070), pi5 = pi(2360) that are still left out the
summary table in PDG (few events registered [50]).
——— pseudoscalar pion mass spectra (MeV) ———
n Experimental massφ1(z) massφ2(z)
1 139.57018± 0.00035 139.3 139.6
1 134.9766± 0.0006 139.3 139.6
2 1300± 100 1343 1505
3 1816± 14 1755 1832
4* 2070 2006 2059
5* 2360 2203 2247
TABLE I: Mass spectra for the pseudoscalar pion family, in
the φ2(z) = z
2 tanh
(
µ4G2z
2/µ2G
)
dilaton, for the pi0, pi(1300),
pi(1800), pi(2070), pi(2360) mesons. The modes indicated with
asterisk are not established particles and therefore are omitted
from the summary table in PDG.
Table I shows the pseudoscalar pion family, identifying
the pin eigenfunctions in Eq. (12), as pi1 = {pi±, pi0}, pi2 =
pi(1300), pi3 = pi(1800), pi4 = pi(2070), pi5 = pi(2360).
whereas the other ones have not been experimentally con-
firmed states yet [50]. Besides, the pseudoscalar sector
can be implemented by considering the following action,
pion and φ meson wavefunctions:
S(2)pi = −
1
3L3
∫
d5xe−φ
√
g(ξ2∂zpi∂zpi
+ξ2∂µ(ϕ−pi)∂µ(ϕ−pi)+L2∂z∂µϕ∂z∂µϕ).(18)
It is observed that in the graviton-dilaton-scalar system,
the lowest pseudoscalar state has a mass around 140MeV,
4which can be regarded as the Nambu-Goldstone bosons
due to the chiral symmetry breaking. The higher exci-
tations yields a Regge trajectory, in full compliance to
experimental data. It is worth to mention that for both
dilatonic field backgrounds (15, 16) the so-called Gell-
Mann–Oakes–Renner relation, stating that the square of
the pion mass is proportional to the product of a sum
of quark masses and the quark condensate, is satisfied,
yielding the production of massless pions in the mq = 0
limit, where mq denotes the quark mass [43, 44].
As the CE encodes how information measures the
shape complexity of a physical system [18, 19, 27], com-
puting the CE underlying the pion family requires its
energy density, (z). This can be derived from a La-
grangian density, L, with stress-momentum tensor com-
ponents given by
TMN =
2√−g
∂(√−gL)
∂gMN
−∂xQ
∂(
√−gL)
∂
(
∂gMN
∂xR
)
 . (19)
Hence, the energy density is read off the T00(z) ten-
sor component in Eq. (19). The Fourier transform
(k) =
∫
R (z)e
−ikz dz, with respect to the z = 1/ΛQCD
dimension that defines the ΛQCD energy scale, defines the
so-called modal fraction [2, 19]
•(k) =
|(k)|2∫
R |(k)|2dk
. (20)
It consists of a probability distribution of correlation,
measuring the weight of a given k Fourier wave mode into
the power spectrum [9]. Hence, the CE is responsible to
measure the amount of information that is encrypted into
the spatial portrait of the energy density. The CE reads
[1, 2, 20, 21]
S[] = −
∫
R
˜•(k) log ˜•(k) dk , (21)
for ˜•(k) = •(k)/•max(k). Following this protocol, the
CE can be forthwith computed for the pseudoscalar pion
meson family, first as a function of n excitation num-
ber. Table II shows the CE for both dilatonic field back-
grounds (15, 16). Table II shows the CE of the pseu-
doscalar pion family, identifying the pin eigenfunctions in
Eq. (12), as pi1 = {pi±, pi0}, pi2 = pi(1300), pi3 = pi(1800),
pi4 = pi(2070), pi5 = pi(2360). Then, the CE of each pin
meson mode in the pion meson family is represented by
the points in Fig. 2, strictly for the pi mesons in PDG. In
addition, introducing linear regression yields the config-
urational entropic Regge trajectory, for the pion family,
in the dashed line in Fig. 2.
n pion CE (φ1(z)) pion CE (φ2(z))
1 97.5 77.9
2 702.1 506.3
3 5.613× 103 3.129× 103
4 2.587× 104 1.548× 104
5 1.490× 105 1.275× 105
TABLE II: The CE for the pseudoscalar pion family, respec-
tively in each column for the quadratic and deformed dilatonic
field backgrounds.
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FIG. 2: CE of the pion family as a function of the n quantum
number, in the quadratic dilaton AdS/QCD soft wall.
Their explicit expression of the configurational entropic
Regge trajectory reads
log(CEpi(n)) = 1.8256n+ 2.8927, (22)
within ∼ 1% standard deviation. Similarly, the CE can
be also computed, now taking into account the φ2 dila-
ton (16), illustrated in the third column of Table II. Fig.
3 depicts, for the pin pion modes in PDG (n ≤ 5), the
computed results based in Table II, illustrating the con-
figurational entropic Regge trajectory in the deformed
dilaton AdS/QCD soft wall.
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FIG. 3: CE of the pion family as a function of the n quantum
number, in the deformed dilaton AdS/QCD soft wall.
Linear regression yields the following relation between
the configurational entropy of the pion family and the n
excitation number,
log(CEpi(n)) = 1.6015n+ 3.3398, (23)
within ∼ 0.2% standard deviation.
A scaling law can be then noticeable from Eqs. (22,
23). It is implemented by the configurational entropic
Regge trajectory, that in this case associates the CE with
the n excitation number, for the pi meson family. Moti-
vated by the standard Regge trajectory in Fig. 1, that
relates the pi mesons squared mass spectra to the n exci-
tation number, one can take the reverse way to predict,
thus, the mass spectra of the further members in the
pi meson family, that have been not yet experimentally
observed. Indeed, computing the CE for the meson fam-
ily with respect to the pin meson family mass, once the
respective n excitation is fixed, yields data that can be
interpolated to output the mass of the further members
in the pi meson family, that have been not yet experimen-
tally detected.
Firstly, the quadratic dilaton (15) shall be used to infer
the mass spectra of the pin meson family, in the top panel
in Fig. 4. The deformed dilatonic field (16) is a refined
model that implements the mass spectra of the pi meson
family, in great agreement to experimental data in PDG,
having the quadratic dilaton (15) as the UV limit. The
configurational entropic Regge trajectory, with respect to
the pi meson family mass, is then shown in the bottom
panel in Fig. 4.
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FIG. 4: Configurational entropic Regge trajectory of the pi
meson family with respect to the mass spectra, using the
quadratic dilaton (top panel) and deformed dilaton (bottom
panel).
Respectively for the plots in Fig. 4, the configurational
entropic Regge trajectories have the following explicit ex-
pressions:
log(CEpi(m))=1.5337×10−6m2−0.0005m+4.6301, (24)
log(CEpi(m))=2.3869×10−6m2−0.0036m+5.8556, (25)
within ∼ 0.2% standard deviations. Alternatively from
calculating the mass spectra of the pi meson family, re-
solving the system (11,12), the linear regression (22, 23)
and the quadratic interpolation (24, 25), can be then
employed altogether, to calculate the CE of the pi me-
son family, for the pin excitations with n > 5, with good
accuracy at least for the first members, pin of the pion
meson family after the pi5 element.
Let one denotes by mpi,n the associated mass spec-
trum of the nth pion, in the pseudoscalar pi meson fam-
ily, For the quadratic dilaton, the mass spectra of the
pi6, pi7 and pi8 members of the pi meson family can be
then inferred. In fact, for n = 6, Eq. (22) yields
log(CEpi) = 13.846. Replacing this value in the configu-
rational entropic Regge trajectory (24), one obtains the
mass mpi,6 = 2630 MeV, for the pi6 mesonic state, yield-
ing the reliable range 2612 MeV . mpi,6 . 2648 MeV,
for the pi6 pseudoscalar meson state. Analogously, the pi7
6meson has derived mass mpi,7 = 2861 MeV. The standard
deviations of Eqs. (22) and (24) then yield the reliable
mass range 2839 . mpi,7 . 2883 MeV. Once more, the
pi8 pseudoscalar state has mass mpi,8 = 3074 MeV, and
experimental standard deviations yield the trustworthy
range 3049 . mpi,7 . 3099 MeV. On the other hand,
for the deformed dilaton, considering n = 6 in Eq. (22)
implies that log(CEpi) = 12.948. Substituting it into the
configurational entropic Regge trajectory (24) yields the
mass mpi,6 = 2631 MeV, within the experimental-based
range 2612 MeV . mpi,6 . 2649 MeV, for the pi6 pseu-
doscalar meson. Analogously, one can derive for the pi7
mesonic state the mass mpi,7 = 2801 MeV, within the
reliable range 2779 . mpi,7 . 2823 MeV, considering
standard deviations in Eqs. (22) and (24). In addi-
tion, the pi8 meson presents mass equal to mpi,8 = 2959
MeV, establishing the phenomenologically reliable range
2934 . mpi,8 . 2984 MeV for its mass.
IV. CONCLUDING REMARKS AND
PERSPECTIVES
The main feature that distinguishes the pi meson fam-
ily description in AdS/QCD, compared with other light-
flavour meson families, relies on the EOMs that govern
the mesonic states modes and their mass spectra, for each
meson family. In fact, delving into the pions one can
realize that they are the only family along with the φ
mesons, among the a1, f0, and ρ mesons in AdS/QCD,
whose EOM (11) has a potential that is a function of
other meson, the φ meson. In this case, there is a cou-
pling between the EOMs of the pi and the φ mesons. This
reflects a non-linear configurational entropic Regge tra-
jectory for the pion family, with respect to the pi meson
family mass, as shown in the plots in Fig. 4, as well as
the analytical expressions of the CE for these plots, in
Eqs. (24, 25). In addition, the configurational entropic
Regge trajectory, for the pion family, is linear with re-
spect to the n excitation number, as shown in the plots
in Fig. 4, with explicit analytical expressions in Eqs.
(22, 23). It is a common feature with the f0, a1 and ρ
meson families studied in Ref. [17]. However, for these
meson families the configurational entropic Regge tra-
jectories, as a function of the respective meson families
mass spectra, are also linear, contrary to the case here
analyzed and depicted in the plots in Fig. 4. It is then
worth to emphasize that the reason for the non-linearity
of the configurational entropic Regge trajectory for the
pion family, with respect to the pi meson mass spectra, is
the coupling between the EOMs (11, 12), with respective
coupled potentials (13, 14).
Another information provided by the configurational
entropic Regge trajectories is the values of the masses of
the next generation of the pi states. Using the value CE
of the nth excitation, Eqs. (22, 23), one can employ Eqs.
(22) and (24) to infer the mass spectra of the pi6, pi7 and
pi8, as discussed throughtout Sect. III. In the case of the
quadratic dilaton the results found are mpi,6 = 2630± 18
MeV, mpi,7 = 2861±22 MeV and mpi,8 = 3074±25 MeV.
On the other hand, for the deformed dilaton the masses
found are mpi,6 = 2631±18 MeV, mpi,7 = 2801±22 MeV
and mpi,8 = 2959 ± 25 MeV. It is possible to improve
these values of the masses with the eventual detection
of the pion excitation states, that shall contribute with
more experimental points in Fig. (1).
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